We have isolated a human and murine homologue of the Drosophila prune gene through dbEST searches. The gene is ubiquitously expressed in human adult tissues, while in mouse developing embryos a high level of expression is con®ned to the nervous system particularly in the dorsal root ganglia, cranial nerves, and neural retina. The gene is composed of eight exons and is located in the 1q21.3 chromosomal region. A pseudogene has been sequenced and mapped to chromosomal region 13q12. PRUNE protein retains the four characteristic domains of DHH phosphoesterases. The synergism between prune and awd K-pn in Drosophila has led various authors to propose an interaction between these genes. However, such an interaction has never been supported by biochemical data. By using interaction-mating and in vitro co-immunoprecipitation experiments, we show for the ®rst time the ability of human PRUNE to interact with the human homologue of awd protein (nm23-H1). In contrast, PRUNE is impaired in its interaction with nm-23-H1-S120G mutant, a gain-of-function mutation associated with advanced neuroblastoma stages. Consistently, PRUNE and nm23-H1 proteins partially colocalize in the cytoplasm. The data presented are consistent with the view that PRUNE acts as a negative regulator of the nm23-H1 protein. We discuss how PRUNE regulates nm23-H1 protein and postulate possible implications of PRUNE in neuroblastoma progression.
Introduction
The Drosophila prune mutant has a brownish-purple eye colour due to the reduction of red pigment (drosopterins) in contrast with the bright red eye of the wild type¯y. The locus and gene responsible for this mutation have been previously described (Timmons and Shearn, 1996) . The Prune loss-of-function mutations impair the activity level of the GTP cyclohydrolase enzyme essential to the synthesis of drosopteridins (red pigments class) (O'Donnell et al., 1989) ; consistently, the level of drosopteridins present in the prune mutant¯y is reduced by 75% compared to the wild type¯y (Ferre et al., 1986) .
Recently, homology searches have attributed prune to the newly de®ned DHH phosphoesterase family (Aravind and Koonin, 1998) , which includes polyphosphatase and phosphodiesterases (nucleases). These enzymes hydrolyze phosphoester bonds in a broad spectrum of substrates at dierent anities including single non-adenine-containing nucleotide triphosphates (CTP, TTP, GTP), polynucleotides, DNA, and RNA, producing single mono-and diphosphate nucleotides.
The metabolic defects in the prune¯y do not aect viability and fertility, even in the homozygous mutant y. In contrast, the homo-or hemizygous prune mutant is lethal in the presence of just a single copy of a gainof-function mutation in the abnormal wing disc gene (awd), dubbed Killer-of-Prune (awd K-pn ). The¯ies die at the third larval instar stage developing melanotic (pseudo) tumours (Biggs et al., 1988; Orevi and Falk, 1975; Sturtevant, 1956) . Because of the prune-awd K-pn synergism various authors suggest an interaction between these genes (Aravind and Koonin, 1998; Sturtevant, 1956; Teng et al., 1991; Timmons and Shearn, 1996) . Awd encodes a nucleotide diphosphate kinase (NDPK) (Biggs et al., 1990) , an enzyme catalyzing the exchange of g-phosphate between triand diphosphate nucleotides.
In human, ®ve genes closely related to awd nm23-H1, -H2, -H3(DR), -H4, and H5-encoding NDPKs have been identi®ed (Milon et al., 1997; Munier et al., 1998; Rosengard et al., 1989; Stahl et al., 1991; Venturelli et al., 1995) . Low levels of the nm23-H1 gene expression increase metastatic potentials in a variety of tumour types and transfected cells (Betke et al., 1998; de la Rosa et al., 1995; Guo et al., 1998; Hartsough and Steeg, 1998; Russell et al., 1998; Tagashira et al., 1998; Yoshida et al., 1998; . However, numerous tumours and highly proliferative cells overexpress the nm23-H1 gene (Chang et al., 1994; Gazzeri et al., 1996; Jensen et al., 1996; Keim et al., 1992; Leone et al., 1993; Muller et al., 1998; Sastre-Garau et al., 1992a; Shimada et al., 1998) . These results suggest an overexpression of nm23-H1 linked to early stages of cancer and a loss of expression in more advanced stages. Martinez et al. (1995) describe overexpression of nm23-H1 and -H2 in stage 0-II colorectal carcinoma tumours and a loss of expression in stage III ± IV tumours. These data support the hypothesis that nm23s play a crucial role in blocking metastasis progression in a variety of tumour cell types.
The second human NDPK, nm23-H2, acts indirectly as an enhancer of c-myc expression (Berberich and Postel, 1995; Michelotti et al., 1997; Postel et al., 1993) . Similarly, nm23-H3 (DR) is dierentially expressed in blastic transformation of chronic myelogenous leukemia (Venturelli et al., 1995) .
The crystal structure of Drosophila melanogaster awd and of Dictyostelium discoideum NDPK has been resolved (Chiadmi et al., 1993; Dumas et al., 1992) . The enzyme is a symmetrical hexamer of identical subunits. A number of amino acid substitutions have been described. For example, the awd K-pn point mutation is postulated to alter the structure of a loop important for trimeric and protein folding formation (Dumas et al., 1992; Lascu et al., 1992) and S120G, found in advanced neuroblastoma (Chang et al., 1994) , aects protein folding and leads to an accumulation of molten globule intermediates . While dimeric form is devoid of enzymatic activity, a phosphorylatable intermediate participates in the hexamer association pathway, supporting the hypothesis that dierent NDPK oligomeric species are involved in dierent cellular processes (Mesnildrey et al., 1998) . Consistently, heterohexamers between nm23-H1 and -H2 and a tetramer containing two nm23-H1 and two GAPDH subunits have been found in vivo (Engel et al., 1998; Gilles et al., 1991) . This later complex is responsible for the newly described phosphotransferase function of nm23-H1 (Engel et al., 1995 (Engel et al., , 1998 Wagner et al., 1997) . Other studies have shown that the catalytic activity of NDPKs can be dissociated from the antimetastatic function of nm23-H1 and from the indirect enhancement of c-myc expression by nm23-H2 (Berberich and Postel, 1995; Hartsough and Steeg, 1998; Michelotti et al., 1997; Postel et al., 1993) .
Elucidation of the mechanisms suggesting a connection between NDPKs and phosphoesterase proteins is of major importance given the possible implications of NDPKs in oncogenesis. In the present study, we describe the cloning and characterization of a human homologue of the Drosophila prune gene. By using interaction mating and in vitro co-immunoprecipitation assays we show the interaction between nm23-H1 and the human PRUNE protein. This interaction is maintained with the nm23-H1 P96S mutant, which mimics the awd Killer-of-Prune Drosophila mutant. In contrast, the nm23-H1 S120G mutant associated with advanced neuroblastomas shows an impaired anity towards the PRUNE protein. These results suggest that PRUNE acts as a negative regulator of nm23-H1 and we hypothesized nm23-H1 loss of regulation by PRUNE in neuroblastoma progression.
Results

Cloning and sequencing analysis
Bioinformatic approaches have been applied to the human dbEST in order to identify and map novel human cDNAs homologous to Drosophila genes with known mutant phenotypes. For example, the DRES17 clone (acc. no. U67085, Drosophila related expressed sequences) presents signi®cant homology to the Prune gene (Ban® et al., 1996; Volorio et al., 1998) . We used it as a probe to isolate the human Prune full-length cDNA by screening a human NT2 undierentiated cDNA library (Stratagene). We could identify three alternatively spliced forms (Figure 1a) . The longest one (clone 11A) is 3025 nt in length. The ®rst in-frame ATG at base number 157 ful®ls Kozak's criteria and is preceded by an in-frame stop codon at nt 55 (acc. no. AF051907). The shorter clones, 143 and 17B are missing exon 3 and exons 2, 3, 4 and 7, respectively (acc.nos. AF123539, AF123538).
The human PRUNE protein with a predicted molecular mass of 50 288 Daltons, transcribed from clone 11A, is 43% identical and 64% similar to the¯y protein ( Figure 1b ). In addition, PRUNE protein sequence used as a query in BlastP analysis (Altschul et al., 1997) shows signi®cant similarities with Exopolyphosphatases from Schizosaccharomyces pombe (acc. no. Z99165), Saccharomyces cerevisiae (acc. no. L287110) and, Leishmania major (acc. no. AC002552). In particular, the four signature motifs and their ®ve invariant Aspartates and two conserved positively charged residues, characteristic of the DHH phosphoesterase family, are conserved ( Figure 1b ) (Aravind and Koonin, 1998) . The alternatively spliced forms encode proteins which miss some of these domains: clone 143 is missing motif II and clone 17B 
FISH mapping and pseudogene identi®cation
FISH analysis using genomic lambda clones con®rmed the mapping of the human PRUNE gene to 1q21.3 ( Figure 2 ) (for the mapping of DRES17, see Ban® et al., 1996) . Three overlapping clones were found to hybridize to chromosomal region 13q12 (Figure 2 ) and the nucleotide sequence of this region was determined. It shows the presence of an intron-less sequence with 87% identity at the nucleotide level with the PRUNE cDNA. These features and the numerous in-frame stop codons helped us conclude that a PRUNE pseudogene, missing exon 4, is located in the 13q12 chromosomal region (acc. no. AF126025).
PRUNE expression analysis
PRUNE expression pattern was determined by hybridizing the DRES 17 clone to a commercial Northern blot (Clontech) containing human adult tissues. A 3.0 kb mRNA species band is ubiquitously expressed (Figure 3h ).
To investigate Prune expression through development, we isolated a cDNA clone containing 2/3 of the ORF (acc.no. AF051908) from a mouse brain cDNA library (Stratagene). Sequence analysis showed 79 and 84% identity respectively at nucleotide and protein level with the corresponding human gene. This clone was used as a probe on mouse embryos at dierent developmental stages: embryonic day 10.5, 12.5 and 16.5 (E10.5, E12.5 and E16.5). The results indicate that at E10.5 Prune is expressed at low levels in the basal plate along the entire neural tube (data not shown), while at E12.5 the expression in the nervous system is de®nitively stronger, especially in the cranial and dorsal root ganglia (Figure 3a , f) and in the spinal nerves (Figure 3c ). In the hypothalamus, the expression domain is con®ned to the retrochiasmatic area (RCH) and the transcript is also detectable in the remnant of the Rathke's pouch (Figure 3g ). In the developing eye, Prune is exclusively expressed in the prospective neural retina, where labelling seems to be equally distributed in both the deep and super®cial layers ( Figure  3d ). At E16.5 Prune expression is still detectable in the outer neuroblast layer of the neural retina (data not shown).
Gene structure and mutation analysis in retinitis pigmentosa patients
Linkage analysis has identi®ed the minimal region of the retinitis pigmentosa ninth locus (adRP18) on 1q21.3 (Inglehearn et al., 1998; Xu et al., 1996 Xu et al., , 1998 . Our own mapping data and the mRNA expression pattern, together with the Drosophila prune mutant phenotype and the involvement of phosphoesterase proteins in photon transduction and pigment formation (Gregory-Evans and Bhattacharya, 1998), suggested a possible role of the human PRUNE gene in adRP18. For this reason, we isolated PRUNE genomic clones and de®ned the intron/exon sequence boundaries (Table 1) . The CEPH YAC clone 847-E4 was positive for STS WI-9627, corresponding to the 3'UTR or PRUNE and the closest genetic marker to the RP18 gene, D1S498. Subsequently, DNA extracted from aected and non aected individuals of families previously described (Inglehearn et al., 1998; Xu et al., 1996 Xu et al., , 1998 were tested for the presence of mutations in the PRUNE coding region. Two polymorphisms were identi®ed, the ®rst in intron 4 and the second, resulting in a silent mutation, in exon 8 (Table 2 ). These results indicate that PRUNE is not involved in adRP18.
Interactions between nm23-H1 and human PRUNE
The prune-awd K-pn synergism in Drosophila had led various authors to propose an interaction between these genes (Aravind and Koonin, 1998; Sturtevant, 1956; Teng et al., 1991; Timmons and Shearn, 1996) . However, such an interaction has never been supported by biochemical data. We tested the ability of human PRUNE protein to interact with human nm23-H1 in interaction-mating experiments (Finley and Brent, 1994; Reymond and Brent, 1995) . The results are presented below (Figure 4a ). In this assay, LexA-Hs PRUNE interacts with B42-nm23-H1 with an anity just above the threshold of the 8op-lacZ reporter (Estojak et al., 1995) resulting in a low lacZ expression. However, co-overexpression of LexA-Hs PRUNE and B42-nm23-H1 appears to be deleterious to yeast cells and results in poor growth.
To investigate further how PRUNE might regulate the activity of NDPK, we constructed three nm23-H1 mutants, S44G, P96S and S120G. These mutations have the following consequences: S44G removes a known phosphorylation site, P96S mimics the awd K-pn Drosophila substitution altering the K-pn loop DRG, dorsal root ganglia; E, eye; Hyp, hypothalamus; L, lens; M, mesencephalon; NR, neural retina; n5g, 5th cranial nerve ganglion; n8g, 8th cranial nerve ganglion; OR, optic recess; POA, preoptic area; RCH, retrochiasmatic area; Rh, rhombencephalon; RP, Rathke's pouch; SC, spinal cord; SN, spinal nerves; T, telencephalon conformation, and S120G is similar to the mutations described in very aggressive advanced neuroblastomas (Chang et al., 1994; Lascu et al., 1992; MacDonald et al., 1995) . The mutated residues are conserved between dierent members of the NDPK family (see Figure 4b ). The mutated proteins were fused either to LexA or B42 and tested for dimerization. The interaction mating experiments show that nm23-H1 oligomerizes as evidenced by the blue color on Gal XGal plates (Figure 4a ). In addition, the fact that color is also detected on glucose plates suggests that the LexA-nm23 fusion bait is substantially occupied even when the interacting protein (prey) is only expressed at the basal level, consistent with an even tighter interaction. Furthermore P96S mutant shows decreased anities with itself and S120G. Likewise S120G shows an impaired interaction with both nm23-H1 and the three tested mutants. These observations are consistent with data present in the literature (Dumas et al., 1992; Lascu et al., 1992 Lascu et al., , 1997 .
The above results demonstrate the validity of interaction-matings to test the anities of nm23-H1 and its mutants with the PRUNE protein (see Figure  4a ). B42-nm23-H1 S44G and B42-nm23-H1 P96S retain the same anity for LexA-Hs PRUNE as nm23-H1 wild type. However, the anity of the B42-nm23-H1 S120G mutant for PRUNE is decreased and found to be under the threshold of the 8op-lacZ reporter. In addition, we observed that the nm23-H1 P96S residues 1-100 deletion mutant fused to B42 behaves as the B42-nm23-H1 P96S, suggesting that the ®rst two-thirds of nm23-H1 protein are sucient to interact with PRUNE (see Figure 4a) .
To provide independent evidence of the PRUNE/ nm23-H1 interaction, in vitro translated and labelled HA tagged-PRUNE and FLAG tagged-nm23-H1 were mixed and a low stringency co-immunoprecipitation was performed using anti-HA or anti-FLAG antibody and proteinA-Sepharose. The bound and recovered protein were separated by 13% SDS ± PAGE. The results are presented in Figure 4c . They con®rm the ability of PRUNE and nm23-H1 to interact.
Cellular localization of nm23-H1 and PRUNE proteins
We determined the subcellular localization of tagged nm23-H1 and PRUNE protein in transiently cotransfected cells to verify the hypothesis that these proteins are expressed in the same cell compartments, consistent with their ability to interact. The results are shown in Figure 5 . Human PRUNE localizes to the cytoplasm and in some transfected cells a nuclear staining is also detected. nm23-H1 presents both a cytoplasmic and nuclear staining pattern. Control experiments with empty HA or GFP vectors showed no staining or a predominantly nuclear staining respectively (data not shown). A cytoplasmic staining of nm23-H1 transfected cells has already been described (Sastre-Garau et al., 1992b) . These subcellular co-localizations are consistent with the possible involvement of PRUNE in NDPK regulation.
The subcellular localization of the nm23-H1 S44G, P96S, and S120G mutant proteins shows no dierence with the localization of the wild type (data not shown); this excludes the hypothesis that gain-of-function mutations were due to mislocalization of the mutant proteins.
Discussion
The Drosophila Related Expressed Sequences (DRES) project aims at the identi®cation of human homologues of¯y mutant genes. dbEST searches could identify an EST presenting homologies to the Drosophila prune. In this study we have isolated and characterized the fulllength human PRUNE gene. The encoded protein retains the characteristic of the DHH phosphoesterase family, in particular the invariable Aspartate residues described by Aravind and Koonin (1998) . The gene is located in the 1q21.3 chromosomal region, whereas a pseudogene maps to 13q12. We have excluded that the gene was responsible for adRP18 by mutation analysis.
In Drosophila, null mutation in the prune gene leads to abnormal eye colour. However, the mutation is lethal in the presence of at least one copy of the awd K-pn mutation, suggesting a possible physical interaction (Aravind and Koonin, 1998; Sturtevant, 1956; Teng et al., 1991; Timmons and Shearn, 1996) . To test this possibility we took advantage of the yeast two-hybrids technology. We ®rst tested the ability of three dierent nm23-H1 mutants to dimerize in order to assess how NDPK mutants were behaving in this system. The results show that nm23-H1 and the tested mutants are able to dimerize, although P96S and S120G present a decreased anity (Figure 4a ), in agreement with previously published reports. It has been postulated that P96S modi®es the structure of a loop important for subunit contacts and protein folding and S120G leads to an accumulation of molten globules (Dumas et al., 1992; Lascu et al., 1992 Lascu et al., , 1997 . We found that PRUNE interacts with nm23-H1 protein. Interestingly, the anity for nm23-H1 was retained by P96S mutation and impaired by the S120G mutation. The ®rst mutation mimics the Killer-of-Prune mutation described in Drosophila. The second, S120G, is a somatic mutation associated with advanced neuroblastoma. Extensive studies have shown that these mutants retain: (1) the catalytic activity; (2) the ability to autophosphorylate His118 (see Figure 4b) ; (3) the phospho-Histidine-dependent Serine autophosphorylation; (4) the ability to transfer phosphate from His118 to ATP-citrate lyase and succinic thiokinase His residues; and (5) the ability to bind DNA (tested only for nm23-H2 P96S) MacDonald et al., 1993; Postel et al., 1996; Wagner et al., 1997) . On the contrary, the P96 and S120 residues are essential for the motility suppressing eect and the`phosphorelay system' from Histidine residue to Aspartate and/or Glutamate residues of nm23-H1 (Hartsough and Steeg, 1998; MacDonald et al., 1996; Wagner et al., 1997) . In this regard, our results provide the ®rst evidence that mutations of residues P96 and S120 aect in dierent ways NDPK protein function. These data are consistent with the view that PRUNE is a negative regulator of nm23-H1 protein. The P96S mutant is still regulated by PRUNE and the Killer-ofPrune phenotype appears only in the absence of the PRUNE protein. In contrast, the S120G mutation impairs the interaction between nm23-H1 and PRUNE. We suggest that the NDPK uncontrolled activity due to uncoupling of PRUNE regulation and nm23-H1 activity might lead to neuroblastoma progression. Consistently, PRUNE is highly expressed in dorsal root ganglia and in the ganglia of cranial nerves (V and VIII, see Figure 3b , e) where human Figure 4 (a) Interaction-mating assays: bait strains containing plasmids that expressed LexA fusions to human nm23-H1 or nm23-H1 mutants (S44G, P96S, S120G) were mated to EGY48 derivatives that contained B43 fusions (preys) to human PRUNE, human nm23-H1, human nm23-H1 mutants (S44G, P96S, S120G), and human nm23-H1 deletion mutant (P96S 1-100). Plates are -ura -his -trp X-Gal and contain either glucose (Glc) or galactose/ranose (Gal). Please note the weak interaction between LexA-Hs PRUNE and B42-nm23-H1 WT as shown by light blue on Gal plate and the loss of interaction between LexAHs PRUNE and B42-nm23-H1 S120G as shown by absence of light blue colour. (b) Alignment of human nm-23 protein sequences with awd protein sequence from Drosophila and its homologue from Dictyostelium. Asterisks mark the amino acids mutated in the two hybrid-system experiments and the autophosphorylatable Histidine 118. In black and grey boxes, respectively, identical and very similar amino acids are shown. (c) In vitro translated, 35 S-methionine-labeled HA-tagged PRUNE and/or FLAG-tagged nm23-H1 were immunoprecipitated using the antibodies indicated at the top of the lanes. The arrowheads mark the position of HA-PRUNE and FLAG-nm23-H1 respectively neuroblastoma are known to originate. We plan to test if progression and aggressiveness of neuroblastoma cancer negatively correlate with levels of PRUNE protein. Interestingly, allelic loss and chromosomal alteration in the 1q21 region have been demonstrated in breast cancers (Borg et al., 1992; Merlo et al., 1989) .
Several studies have shown that dierent NDPK oligomer species are involved in a variety of cellular processes where enzymatic activity is required (Engel et al., 1998; Hartsough and Steeg, 1998; Mesnildrey et al., 1998; Wagner et al., 1997) . Elucidation of the role of the biological interactions between PRUNE and nm23-H1 would be a major step towards understanding the role of NDPKs in neuroblastoma.
Material and methods cDNA library screening and sequencing A human NT2 undierentiated neuroepithelial cell cDNA library (Stratagene) was screened with random primed DRES 17 using standard methods (Sambrook et al., 1989) . Exonintron boundary sequences were obtained by direct sequencing using the large DNA template sequencing method as described on our web page http://www.tigem.it/TIGEM/ SEQCORE/mixreaction.html.
Mutation detection analysis was performed on DNA of four aected patients from two independent families as previously described (Chiarelli et al., 1998) . DNA polymorphisms were identi®ed by testing 50 randomized genomic DNA samples.
Genomic library screening
A DRES 17 probe was used to screen a human ®broblast genomic library derived from lung ®broblast cell line WI38 (Stratagene), PAC library -RPCI-5 pools, and the Mega CHEP YAC library. Several clones were isolated and characterized.
FISH
Fish experiments were performed with DNA lambda clones and a PAC DNA clone as described (Ban® et al., 1996) .
Interaction mating analysis
The IMAGE Consortium clone no. AA430281 was used as a template for nm23-H1. The entire ORFs of the human PRUNE and nm23-H1 cDNAs were cloned in the pAR405 and pAR202 plasmids, created by modifying pJG4-5 and pEG202 (Gyuris et al., 1993) . pAR405 encodes the B42 activation domain, the SV40 nuclear localization signal, and an HA tag under the control of the GAL promoter, and pAR202 encodes the ®rst 202 residues of LexA under the ADH promoter. We used the sensitive 6 LexA operate-LEU2 EGY48 yeast strain as a host and the medium-high sensitivity pSH18-34 (8 LexA-operators lacZ) reporter (Estojak et al., 1995) . Interaction mating assays (Reymond and Brent, 1995) were used to test the interaction between PRUNE and nm23-H1. Interactions between the ®rst 120 residues of Rox and the mSIN3A PAH2 domain were used as positive controls (data not shown) (Meroni et al., 1997) .
The nm23-H1 mutants S44G, P96S and S120G were engineered using the Quick-change mutagenesis kit (Stratagene) according to the manufacturer's protocol.
In vitro binding assays
Fragments DNA carrying the coding sequence for human PRUNE and nm23-H1 were subcloned in pGEM (Promega) modi®ed plasmids to provide HA or FLAG tag. These vectors allow transcription with the T7 polymerase. In vitro co-immunoprecipitation was performed as previously described (Reymond and Brent, 1995) .
Fluorescence and indirect immuno¯uorescence
The entire ORFs of the human nm23-H1 and PRUNE cDNAs were cloned in-frame with an HA tag or the Myctagged GFP protein, respectively. Indirect immunostaining and/or¯uorescence was performed on paraformaldehyde®xed COS-7 cells 3 days posttransfection as described (Meroni et al., 1997) . Anti-HA tag mAb was purchased from Boehringer Mannheim.
Northern blot analysis
A human multiple tissues Northern blot (Clontech) was hybridized with the DRES17 and b-actin probes following the manufacturer's instructions.
RNA in situ hybridization
Mouse embryo sections at E10.5, E12.5 and E16.5 were hybridized with the 35 S-UTP-labelled riboprobes as previously described (Bulfone et al., 1998) . Specimens were viewed and photographed using Hoechst epi¯uorescence optics combined with dark®eld illumination provided by a red light source.
